The formability and mechanical properties of Mg alloys are strongly related to the crystallographic basal texture. Deformation twins form extensively after mechanical processing. Recrystallized grains originating from twins usually randomize the texture and therefore weaken the strong deformed texture. It is crucial to understand different recrystallization mechanisms as a function of twin type and therefore their corresponding contribution to texture modification. This work shows that the recrystallization volume fraction formed within twins has been completely underestimated. Specifically, recrystallized grains originating from double twins make the main contribution to texture modification, which contrasts to the opposite view that has been reported in the past decades. The preferential nucleation site, subsequent grain growth and evolution of recrystallization texture in double twins has been tracked in individual twins through the whole annealing process for the first time. After annealing for 378 min at 490 C, the volume fraction of total recrystallization was~75.7%, while the recrystallized volume fraction originating from double twins and double twin-grain boundary intersections was~52.9%, which represents~69.9% of the total volume fraction recrystallization. Recrystallization mechanisms related to various twin types, twin variants, twin-twin and twin-grain boundaries intersections are precisely determined. These findings could lead new insight to design new wrought alloys and improve formability of commercial alloys.
Introduction
The detrimental anisotropic mechanical properties of wrought Mg alloys can be reduced by weakening the basal crystallographic texture [1e4] . Recrystallization leading to the reduction in basal texture intensity has been the focus of considerable attention in the processing of current Mg alloys and the design new wrought Mg alloys with good formability [5e9] .
In deformed Mg alloys, four proposed nucleation sites for recrystallization are grain boundaries, shear bands, deformation twins and second phase particles [8,10e12] . Recrystallization grains at the latter three sites have random orientations and potentially weaken the basal texture [11,13e15] . The recrystallization texture also depends on subsequent grain growth of the recrystallized grains [10,12,16e18] . Because of insufficient active slip systems, twinning always occurs and is an important deformation mode at room temperature in Mg alloys [19e27] . The exact correlation of recrystallization evolution with twin types and the effect this has on texture evolution has not been systematically studied.
The recrystallization nucleation sites within twins, at twinetwin or twinegrain boundary (GB) intersections have been extensively reported [13,28e30] . Recrystallization within {1012} tension twins (TTWs) rarely occurs since the matrix within these twins is usually unfavourably oriented for basal slip [5, 12, 22] . In contrast, recrystallization within {1011} compression twins (CTWs) and {1011}-{1012} double twins (DTWs) is often observed as a result of basal slip occurring within the twins. This results in a build up in the internal stored energy, since the dislocations cannot penetrate the twin boundaries and facilitates subsequent recrystallization and growth [9, 12, 18, 28, 31, 32] . Nevertheless, the recrystallized grains within CTWs and DTWs generally cannot grow beyond twin boundaries, and so they make a limited contribution to final texture modification of the overall material [5, 6, 28, 32, 33] . Recently, it has been reported that recrystallized grains originating from DTW twin-twin and twineGB intersections can expand into surrounding deformed parent grains [13,22,28e30,34] . However, systematic work has not been undertaken to understand how this contributes to the final texture. This is surprising given that twin recrystallization is the dominant recrystallization process, and therefore is critical to texture evolution in Mg alloys.
Most current observations in the literature have been determined by examining a single point during partial recrystallization or investigating the structure after full recrystallization. In both cases, the evolution of the recrystallization with annealing time is not known. Thus, there are many unanswered questions about the recrystallization process. For example, because both CTWs and DTWs are narrow, what happens when small recrystallized grains, constrained by the twin boundaries, meet adjacent larger recrystallization grains originating from other nucleation sites? It is known that TTWs with low Schmid Factors do not recrystallize, but not known whether TTWs with high Schmid Factors or other reported tension twin variants recrystallize [35] ?
In this work we examined the recrystallization process during isothermal annealing of a cold-rolled commercial alloy WE43. We successfully employed a quasi-in-situ electron backscatter diffraction (EBSD) method to allow a site-specific method to follow the recrystallization process at each point in the microstructure and therefore to follow the evolution of recrystallization of each twin type. The evolution of the recrystallization process was correlated to twin type, twin variant, the presence of a mixture of different twin types, and at twin-twin and twin-GB intersections within individual deformed parent grains. As a result of these sequential observations, the various twin recrystallization mechanisms are precisely identified. It is shown that twin recrystallization is the main component of recrystallized texture rather than what has hitherto been believed to be a limited contribution. Understanding the twin evolution in detail should be an aspect in the design of new wrought Mg alloys and for optimizing the thermomechanical processes to improve formability of commercial Mg alloys.
Experimental procedure
A commercial WE43 alloy supplied by Magnesium Elektron asextruded T5 bar was used in this work, of composition given in Table 1 . A rectangular plate 50 (ED) Â 25 (TD) Â 6 (ND) mm 3 was cut from the extruded bar (where ED is the extrusion direction, TD the transverse direction and ND the normal direction) for heat treatment and cold rolling. Solid solution treatment was carried out in a tube furnace with continuous argon flow at 525 C for 24 h, followed by cold water quenching. The heat treated sample was then cold rolled with a reduction of 20% in one pass. The cold-rolled sample was ground and polished using SiC paper, 1 mm, 0.25 mm diamond suspension, 40 nm OPS suspension. Before putting the sample into a scanning electron microscope (SEM), a Gatan precision etching and coating system (PECS) was employed for final polishing. Electron Backscatter Diffraction (EBSD) was performed using a FEI Sirion field emission gun SEM fitted with Oxford Instruments HKL Nordlys F EBSD detector. The EBSD scan step size for coldrolled sample was 0.4 mm, while for annealed samples was around 0.8 mm. The EBSD data were analysed via using HKL CHANNEL5 software, which offers essential tools to process the data. Fiducial marks were made on the surface of the cold-rolled sample after OPS polishing. Thus the area scanned for EBSD was precisely relocated after further annealing to allow re-scanning of exactly the same area. The quasi-in-situ EBSD collected data the sample was protected. To remove any oxide from the surface of interest for next EBSD scan, the annealed sample was given a mild polish using 40 nm OPS suspension. The thickness reduction after this mild polishing was less than 1 mm, measured by a micrometer. shows an EBSD Inverse Pole Figure (IPF) map from which average grain size was found to be 16.5 mm. In order to dissolve the second particles into the matrix and produce a wide grain size distribution (since the grain size has a significant effect on the twin modes [22, 27, 36, 37] ), the as-received material was solid solution treated at 525 C for 24 h (SST24). Nevertheless, some sparsely distributed Y enriched particles were still observed and will be presented in the following sections. [38] . The commonly reported twin types and twin variants produced in Mg alloys are summarized in Tables 2 and 3 [35, 38] .
Results

As-deformed microstructure
Mechanisms of twin evolution
Seven deformed grains containing mainly TTW, DTW network, DTW lamellae, networks between DTWs and different TTW variants, and DTW-GB intersections. All the twin boundary misorientations were determined, Tables 2 and 3 and Fig. S1 (Fig. S1 in Supplementary file). Fig. 3(aee) gives the evolution of the TTWs during static annealing. During the whole process, no recrystallization occurred within the TTWs, which is consistent with published work [12] . Recrystallization, such as the recrystallized grains labelled as 1e8 in Fig. 3(b,d) , initiated along locally heavy strained GB segments after annealing for 18 min. The recrystallized grain 9 was stimulated by a Y enriched particle (see Fig. S2 ). With further annealing, these recrystallized grains grew into the deformed parent grain and the TTWs. Although there are several intersections between TTWs, no recrystallization took place around these sites. Some residual TTW segments can be seen in grain 4 ( Fig. 3(d) ). When annealed for 58 min, recrystallization occurred by subgrain boundary migration (grains 10,11 in Fig. 3(d) which subsequently consumed the adjacent deformed grain with further annealing. Fig. 3 (fek) shows a deformed grain containing primary TTWs and secondary DTWs formed in a primary TTW, defined as a tertiary twin. Also, two sets of undefined 30 e38 〈0110〉 twins (white arrows shown in Fig. 3(f) ) were observed. This type of twin could be originally from 38 〈1120〉 {1011}-{1012} double twins that was subsequently subjected to extensive prismatic slip. This slip would have rotated the twinned volume by 30 around the c-axis of the twin and resulted in the observed 38 〈1010〉 orientation relationship with matrix [18] . The identification of each twin type is presented in Fig. S3 . After 18 min annealing, recrystallized grains nucleated and grew rapidly in non-indexed heavy local strain areas, such as triple points, twin-GB intersections (from neighbour deformed grain), and heavy strained GB segments mentioned above. Furthermore, recrystallized grains labelled 1e3 (Fig. 3(h) ) within an undefined twin grew beyond twin boundaries until they met other recrystallized grains (Fig. 3(k) ). Even at the intersection of two large TTWs, no recrystallization occurred. Fig. 3 (l) shows a DTW network. Once recrystallization had initiated, recrystallized grains readily grew towards non-indexed areas with higher internal stored energy after annealing for 18 min. After 58 min annealing, the deformed grain was almost completely recrystallized. After 198 min, the recrystallized grains formed at the DTW network had consumed the whole parent grain except grain 1 in Fig. 3(q) . recrystallized grains 2 and 3 had even expanded into the neighbouring deformed grains. Fig. 4(aeg) shows three adjacent deformed grains consisting of mainly DTWs. The right grain only contained parallel DTWs arrays, while the left and upper ones contained intersected DTWs. Although single lamellae recrystallized only after 11 min annealing, the recrystallized grains were confined by the twin boundaries. These recrystallized grains within the DTW were consumed by the adjacent larger recrystallized grains later on, so their contribution to the final texture modification was very limited, if at all. A separated DTW (arrowed in black) in Fig. 3(m) was also replaced with further annealing. In contrast, little recrystallization had occurred in the left and upper deformed grains after 11 min annealing, but recrystallization was subsequently rapid and propagated to consume the whole region. Fig. 4 (hen) presents a deformed grain containing TTW variant {1012}-{1012} and DTW (Fig. 2(c) and Fig. S1(e) ). The recrystallization nucleation site and grain growth were quite similar to TTW and DTW evolution described above. Similarly, in Fig. 4(oet) , the same recrystallization process occurred: only locally high strain area caused by DTWs recrystallize and these recrystallized grains favourably extended into the parent grain and TTWs. Even though TTWs and TTW variant {1012}-{1012} intersect with each other, no extra locally higher strain was introduced either within twins or around junction points. Fig. 4(u-za) shows the evolution process of DTW twin-twin and DTW-GB intersections. Recrystallization began at these intersections after 11 min annealing. These grains preferentially grew towards the DTW. After 28 min, recrystallized grains 1e4 in Fig. 4(y) originating from either narrowly distributed DTW or DTW twin-twin intersections appeared and quickly consumed the entire deformed grain area.
Recrystallization volume fraction contributed by twins
Because no recrystallization occurred in TTWs or TTW twin variants, recrystallization only originating from DTWs and DTW-GB intersections were statistically analysed to understand their contribution to the final crystallographic texture modification. Fig. 5(a) shows a subset map of the as-deformed sample containing only DTWs and some GB segments attaching to the ends of the DTWs. The volume fraction is~11%. Fig. 5(beh) gives the evolution of recrystallized grains originating from DTWs and DTW-GB intersections after 11, 18, 28, 58, 981 198 and 378 min. These maps allowed us to exactly locate the origin of the recrystallized grains as well as follow their growth. Fig. 5(b) shows all the recrystallized grains after 11 min annealing where the recrystallized volume fraction was only 2.6%. The low volume fraction at this stage could be attributed to a long incubation time. The recrystallized volume fraction increased quickly to 13% and 21% after 18 and 28 min annealing. With further annealing, only grain growth of existing recrystallized grains occurred, Fig. 5(eeh) , for example, compare Fig. 5(d)e(c) . This is shown further in Fig. 6 which gives the number of recrystallized grains from the DTWs and DTW-GB intersections only throughout the whole annealing process. The recrystallized grain numbers reached the peak after 18 min annealing and decreased thereafter for longer annealing times showing that grain growth was the dominant process. Fig. 7 plots the total recrystallization volume fraction (V t ) and recrystallization only in DTWs and DTW-GB intersections (V dtw ) as a function of annealing time. It shows nearly all recrystallized grains were from DTWs and DTW-GB intersections even after annealing for 18 min. Subsequently, recrystallized grains from other recrystallization sites started to exhibit extensive recrystallization and grain growth. However, the rate of recrystallization was not comparable to the recrystallized grains formed by DTWs and DTW-GB intersections until after annealing for 198 min. After 378 min annealing, V t was~75.7%, while V dtw is up to~52.9%, which represents~69.9% of V t . Fig. 8 shows (0002) pole figures of recrystallized grains formed only in DTWs and DTW-GB intersections during the whole annealing process. Regardless of the annealing time, the recrystallized texture components were off-basal and totally different from the as-deformed texture ( Fig. 1(b) ). The most significant changes during the whole annealing processes were the weakening of texture component A (TCA), enhancement of texture component B (TCB) and texture component C (TCC) (as marked in Fig. 8 ). To find out the detailed texture evolution, the grains that contributed to the three texture components were located and compared. Fig. 9 shows 3 sets of EBSD subsets used to track the texture components evolutions. After annealing for 11 min, Fig. 9(a) shows that recrystallized grains within parallel DTWs lamellae were the main source for the formation of TCA. With further annealing for 18 min, most of these narrow grains were replaced by adjacent recrystallized grains (Fig. 9(b) ). The TCB component became obvious after annealing for 18 min (Fig. 9(c) ), and it was enhanced with further annealing (Fig. 9(d) ). As shown in Fig. 9(e and f) , the enhancement of TCC can be attributed to the recrystallized grains growth during annealing.
Discussion
There were common features to the recrystallization mechanisms in the different twin types. Firstly, only twin or twin variants inducing high local strain acted as effective nucleation sites for recrystallization. Secondly, whether the recrystallized grains can grow out of original twin boundaries depends strongly on the stored energy in adjacent areas. Fig. 2(f) shows a Schmid Factor map of the EBSD area. Because the stored energy required for recrystallization cannot be accumulated without sufficient basal slip [15] , it is not surprising that it is rare to see recrystallization occurring within TTWs oriented with low Schmid Factors for basal slip (e.g. grain A in Figs. 1(f) and 3(aee)). TTW and TTW variants with high Schmid Factor for basal slip (e.g. grains B and C in Fig. 1(f) ) were also easily observed. Fig. 10 provides the Schmid Factor map of these three grains, which mainly contained tension twins. For grain A, the average Schmid Factor within TTWs was~0.24. Therefore, no recrystallization occurred within these TTWs, as expected. In contrast, the average Schmid Factor for grains B and C was~0.42, but there was no recrystallization within these TTWs, rather, these TTWs were consumed by the adjacent recrystallized grains (Fig. 5(het) ). This can be attributed to the following two reasons. Firstly, the critical resolved shear stress (CRSS) required for the formation of TTWs is relatively low, while CTWs and DTWs require high stresses to form. Therefore, the amount of elastic strain energy that is released during annealing is much greater in the case of CTWs and DTWs than in TTWs [22] . Secondly, the interaction between twin boundaries and dislocations could also play a key role in accumulation of dislocations along twin boundaries. Kadiri et al. [23] used molecular dynamics simulations to investigate why TTWs are profuse in Mg. They reported TTWs are efficient sinks for basal dislocations, which can fully absorb the lattice dislocations near tension twin boundaries and make TTWs grow easily. This can negate the twin shear localization to some extent. In addition, Molodov et al. [39] found basal slip can readily transmit through TTWs twinning boundaries, which could effectively relieve the local stress and dislocation pile-ups along TTWs twin boundaries. Therefore, no matter what the crystal orientation of the TTW with respect to the applied stress axis, basal dislocations were not accumulated. Therefore, there was inadequate elastic strain energy to activate recrystallization within a TTW. Consequently, no recrystallization occurred during annealing within TTWs.
Due to easy basal slip within twins and the accumulation of dislocations around twin boundaries, recrystallization was often observed within CTWs and DTWs [9, 12, 18, 28, 31] . Almost all DTWs acted as nucleation sites for initial recrystallization due to high local strain, believed to be caused by intense basal slip within DTWs. To confirm this, we performed In-grain Misorientation Axis (IGMA) analysis to determine the slip mode within DTWs. Fig. 11(a) and (c) show intersected DTWs and parallel DTW segments, and Fig. 11(b) and (d) present the corresponding IGMA distributions. The results indicate the rotation axis in these two DTW areas is 〈1210〉. This distribution is caused by basal slip within DTWs according to Chun and Davies [38, 40] .
During subsequent grain growth, the recrystallization grains extend quickly towards higher stored energy areas. For parallel DTW arrays, recrystallized grains within DTWs can only extend along the interior of the twin as the twin boundaries act as strong barriers to growth, resulting in bands of recrystallized grains. However, these bands of recrystallized grains within DTWs did not contribute to the final texture since they were consumed by the growth of separate larger recrystallized during further annealing, (Fig. 4(aeg) ). In contrast, where a DTW end meets a heavily strained grain boundary segment, the intersection point usually has higher stored energy and is not fully constrained by twin boundaries. Fig. 12(a) shows a kernel average misorientation (KAM) map of Fig. 4(u) . The black areas have the greatest lattice distortion and thus have higher local misorientation than those areas that have been indexed. The growth direction is dependent on the distribution of internal stored energy (higher KAM values). It is obvious that the growth direction followed the local strain distribution. These recrystallized grains grew quickly along the DTWs or consumed deformed parent grain area with higher stored energy (Fig. 4(uey) ). Fig. 12(b) also gives a KAM map of Fig. 3(l) . At the intersections between DTWs, the recrystallized grains could easily grow into the deformed grain because of the local dislocation pile-ups and lack of intact twin boundaries. These recrystallized grains not only consumed deformed parent grains but also expanded into neighbouring deformed grains because of the high residual stored energy in the adjacent grains ( Fig. 3(leq) ). KAM maps of (a) heavily strained twin-GB and (b) DTW network containing deformed grains showing the stored energy distribution (for indexed areas, the higher degree of misorientation is seen in the brighter green colour. The non-indexed areas have the highest local strain). The axes systems are all the same as shown in Fig. 12(b) . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
As shown in Fig. 7 , V dtw is nearly equal to V t after annealing for 18 min. High local strain caused by intensive basal slip in soft orientation DTWs results in DTWs becoming preferential sites for nucleation and growth of recrystallization. This effect is further enhanced around the intersections between DTWs. During further annealing, new recrystallized grains had no growth advantage when they met already existed larger recrystallized grains originating from DTW-DTW or DTW-GB intersections. Therefore, the recrystallized volume fraction from double twins (V dtw ) should increase during subsequent annealing, and indeed this is shown in Fig. 7 . Recrystallized grains originating from twin nucleation sites have random orientations [13] . Therefore, texture modification during annealing shown in Fig. 8 can be attributed to the combined effects of preferential nucleation site, random orientated recrystallized grains, and high stored energy around DTWs and DTW-GB intersections required for grain growth.
As a result of concerns around flow localization and crack formation due to DTWs [26] , research has focused on decreasing or eliminating CTWs or DTWs by alloying or grain refinement methods [26, 37, 40, 41] . However, the flow localization introduced by DTWs is critical for recrystallization at twin sites, since recrystallization does not occur in TTWs and TTW variants. If DTWs are eliminated from the microstructure, there would be no twin recrystallization. Furthermore, flow localization as a result of small CTWs or DTWs triggers the formation of shear bands [26, 41, 42] . In dilute or fully solid solution treated Mg alloys, there is no particle stimulated recrystallization either. Only grain boundary nucleation would be available if CTWs and DTWs are suppressed. Grain boundary nucleation does not lead to significant texture modification from the deformed basal texture. Therefore, if CTWs or DTWs are restricted during deformation in Mg alloys without second phase particles, it will be difficult to weaken the basal texture. Lentz et al. [27] argued it is not DTWs themselves, but the absence of plastic relaxation mechanisms that results in failure. They reported that the plastic strain can be relieved by activation of cþa〉 pyramidal slip in a Mg-4wt%Li with copious DTWs, leading to a high compressive failure strain of 33%. They also provided evidence that the onset of DTW cannot trigger immediate cracking. Therefore, this side effect can be eliminated, and more related work needs to carry out to minimize the voids or cracks in the vicinity of DTWs. Only in this way can we produce Mg alloys with weakened texture and good mechanical properties.
Conclusions
In summary, the recrystallization process during static annealing were accurately tracked by using a quasi-in-situ EBSD method in this work. The initial formation of recrystallization grains, the subsequent growth and/or replacement was followed in a site specific manner. The evolution of DTWs recrystallization texture was monitored for the first time during the entire static annealing process. This has allowed the precise identification of the recrystallization mechanisms as a function of twin types, twin variants, and twin-twin and twin-grain boundary intersections. The following conclusions can be proposed:
(1) All the tension twins and tension twin variants did not recrystallize during the whole annealing process and were consumed by the adjacent recrystallized grains during the grain growth stage, due to minimal accumulation of dislocations and consequentlty low elastic strain energy along twin boundaries. (2) The preferential nucleation site for recrystallization observed in this work was {1011}-{1012} double twins (DTWs). Nearly all recrystallized grains were from DTWs and DTW-GB intersections even after annealing for 18 min and all DTWs recrystallized during the early stage of annealing. However, during subsequent growth, the recrystallized grains within the individual DTW lamellae were constrained and consumed by the other recrystallized grains in the end. Thus, their contribution to the recrystallized texture was eliminated. In contrast, recrystallizating grains originating from DTW-DTW and DTW-GB intersections readily grew into the deformed parent grains and subsequently even into neighbouring deformed grains, extending quickly into regions of higher stored energy. (3) Recrystallized grains originating from DTW-DTW and DTW-GB intersections grew towards the deformed grains through the whole annealing process. After 378 min annealing, V t was 75.7% while the volume fraction arising from double twins V dtw was~52.9%. Hence, the V dtw accounts for~69.9% of the V t . This is a high proportion of the total recrystallized fraction, which suggests that the contribution of recrystallization from double twins has been completely underestimated in the past. In addition, recrystallization from DTW-DTW and DTW-GB intersections exhibited a weak, non-basal texture. (4) Given that this was the dominant type of recrystallization that consumed the deformed microstructure, this form of twinning is particularly important in producing an alloy with weak, non-basal texture. Thus, a full understanding of the twin formation, subsequent recrystallization mechanisms and corresponding contribution to texture modification provides new insight into designing new wrought Mg alloys and optimizing thermomechanical processes to improve formability of commercial Mg alloys.
